Introduction
Surface topography and texture design are important parts of surface engineering. Creating surfaces with controlled microgeometry may be an effective approach leading to the improved performance of tribological interfaces. Surface finishing processes, such as turning, shaving, grounding, honing, polishing, and dimpling, generate surfaces with textures of specific topography. Figure 1 presents examples of a few finished surfaces, where the root-mean-square ͑rms͒ ͑R q ͒ roughness values are shown. Specially controlled textures may be found on the surfaces of many mechanical components. The surfaces of a piston and cylinder liner of an internal combustion engine are two examples ͓1,2͔. The concept of surface texturing has also been applied to the design of the surface of magnetic storage ͓3͔. Surface texturing is gaining momentum in tribological design because it is believed that tribological advantages, such as enhanced lubrication, controlled friction, and reduced wear, may be accomplished through surface texture optimization.
Developing engineered surfaces should be done hand in hand with a precise mixed lubrication design. It first demands an indepth understanding of the mixed lubrication of surfaces, either machined or patterned. Identification of critical design factors should follow. Surface microgeometry is one of the most basic issues related to lubrication. However, it is difficult to capture the influence of surface topography with only a few statistic surface parameters because machined surfaces are complicated in microgeometry. Surface optimization may start from patterned surfaces where topography can be precisely quantified and the relationship between textures and lubrication performance can be numerically established. Dimpled surfaces ͑Fig. 1͑f͒, for example, are patterned with well-controlled dents. They have attracted attention from mobility industries due to their possible applications to engine components, seals, continuous variable transmission elements, and metal forming tools. Early efforts on textured surfaces in metal forming include those by Hector and Sheu ͓4͔. More recent studies on laser-beam processes for mechanical seals and a few auto parts were reported by Etsion and Etsion et al. ͓5, 6͔, Wang et al. ͓7͔, Kligerman and Etsion ͓8͔, and Guichelaar et al. ͓9͔ . Experimental studies have been conducted to explore the tribological nature of the textured surface. Pin-on-disk experiments with a flat pin or a ball are used to evaluate the performance of dimpled surfaces. Extensive investigations of dimpled surfaces can be found from literature ͓10-15͔.
One may anticipate that the design of surface textures should be related to the type of contact, materials of the interface, and most importantly, operating conditions. Evaluation of a surface texture design requires extensive analyses of its performance in an expected working environment. Experimental evaluations of surface textures require sample manufacturing and intensive testing, which can be expensive and time consuming even for the simplest surface patterns. Most importantly, a complete evaluation is sometimes nearly impossible because of the limitation of sample fabrication and experimental condition control. Considering the fact that engineered surface topography may be reasonably simulated, a model-based numerical system with contact and mixed lubrication analysis capability may be used for such evaluations. Moreover, the modeling system can be a prediction tool for searching innovative ideas and directions of design improvement and optimization. Hu and Zhu's full-scale mixed-lubrication model ͓16͔ with a unified contact and mixed-lubrication approach, which is capable of simulating lubrication transitions, may be a proper tool for such purposes.
The utilization of a numerical tool to determine the basic geometric aspects of surface texture may be named a virtual texturing technology. Presented in this paper are the concept of virtual texturing, models involved, and sample results, and a preliminary exploration of the relationship between a dimpled texture design and the mixed lubrication characteristics for a typical counterformal contact.
vere as compact design prevails. Well-designed features of textured surfaces may contain microreservoirs to retain lubricant and act as microbearings to enhance lubrication. A textured surface may be composed of many specially shaped microbearings whose reservoirs are always in a full-film state. Creating such microbearings requires the proper surface microgeometry that has to be originated from a precise mixed lubrication design. A deterministic model-based simulation system may be the tool for the surface and precise mixed-lubrication design. This tool can be used to conduct the majority of the investigation through numerical simulations. Only a limited amount of experimental work is required for verification. The concept of the virtual texturing technology is illustrated in Fig. 2 , which may include: ͑1͒ virtual surface texture generation based on application requirements; ͑2͒ contact and lubrication analyses for performance evaluation; ͑3͒ efficiency, life, and surface evolution prediction; ͑4͒ surface texture modification and optimization; and ͑5͒ necessary experimental verification. Virtual surface texture generation ͑1͒ and selected contact and lubrication analyses ͑2͒ are performed in this study as a preliminary exploration of a few design-performance relationships for the use of surface texture modification and optimization ͑3͒. The kernel of virtual texturing is the model-based simulation tool that should effectively link the surface microgeometry to material and lubricant properties on the one hand and to the lubrication performance of the interface on the other hand. The model system has to be deterministic and multiscales, at least micro-to-macro, because statistic models cannot catch geometric factors while singleasperity models fail to grasp the effect of a texture matrix.
Full-Scale Mixed Lubrication
Modeling. Surface features may be considered as microbearings in many application cases. Features favoring lubrication may not be designed too deep because significant pressure variation due to dents should be avoided. In addition, shallow features introduce less damage to the surface and subsurface material. Most machined surfaces contain shallow topographic feature. Dimpled surfaces, as an example of patterned surfaces, may be considered as microslider bearings of different shapes but revolved geometry. Typical dimples, for example, have large size-to-depth ratios. The edges of dimples may be compared with step bearings that are proven to be the desirable geometry of slider bearings ͓17͔. According to the hydrodynamic lubrication theory and the engineering practice with step bearings, grooved bearings, and seals, turbulence caused by the edges of surface features may not be significant, and, in many cases, may be negligible. So the Reynolds equation is still applicable to the lubrication of many textured surfaces designed for lubrication significance.
Hu and Zhu's mixed-elastohydrodynamic ͑EHL͒ model ͓16,18͔ capable of describing the mixed lubrication of rough surfaces can be used as the modeling tool for surface texturing. This model links the microgeometry of surfaces with the macrolubricated contact interface and integrates the micro-EHL effect into global load-supporting capacity. It is mentioned briefly here for clarity. The model considers the lubricant film to be continuous in noncontacting regions and allows asperity contact to occur when the local film is sufficiently thin, such as to the order of the size of a lubricant molecule. The film thickness is computed from the deformed average gap; flows and asperity contact are treated in one unified model. In the regions of hydrodynamic lubrication, the pressure is governed by the Reynolds equation expressed as follows:
where the x-coordinate coincides with the motion direction. The instantaneous lubricant film thickness, h, or the gap between two rough surfaces, is calculated by a geometric equation given below
Here R x and R y are the local radii of curvature, ␦ 1 and ␦ 2 denote the microroughness amplitude of surfaces 1 and 2, respectively, and is the surface deformation. An effective viscosity * has been introduced in Eq. ͑1͒ to describe the non-Newtonian lubricant properties, which may be a function of the shear stress, 1 , and pressure, p ͑ 0 is a reference shear stress given here as 18.0 MPa for a typical mineral oil͒ ͪ.
͑5͒
The unified lubrication-contact approach in mixed lubrication ͓16,18͔ uses the same equation systems consistently in both the hydrodynamic and contact regions. When h Ϸ 0, the left-hand side of Eq. ͑1͒, which represents the lubricant flow due to the hydrodynamic pressure gradient, vanishes because of the third power of the tiny film thickness and exponentially increased viscosity ͓16,20,21͔. As a result, the Reynolds equation can be reduced to the following form:
suggests that in a steady state, once the lubricant film thickness is smaller than a critical value, , which may be given as the size of a lubricant molecule, the pressure-driven hydrodynamic effects become trivial. EHL practice has proven that the Hertzian pressure is the asymptote of the film pressure when the film thickness is so small that the contribution from the hydrodynamic action becomes negligible. This model has been validated by comparing calculated pressure distributions with classic EHL solutions for light and medium loads in full-film regions and with the Hertzian solution for heavy loads in a nearly try contact ͓16͔. EHL thin-film solutions with and without using the reduced Reynolds equation do not show noticeable difference, proving that the appropriate application of the reduced Reynolds equation does not affect the accuracy of numerical solutions. The formulation presented above links the microgeometry of surface features to the lubrication and contact performance of the interface because it enables the analyses of the effect of material elasticity, the influence of mating surface texture, variation of some lubricant properties, and the response to different operating conditions from a full-film state to surface contact. The results from this model can be used for the analyses of surface temperatures, subsurface stresses, and stress-related performances ͓18͔.
It has been noticed that differentiation schemes for descretizing the terms in the Reynolds equation may have profound influences on film thickness and the patterns of possible asperity contact when analyzing ultrathin films with commonly used meshes. There may be many possible combinations of descretization schemes; however, scheme optimization is beyond the scope and objective of this paper. For the purpose of a reliable relative comparison, a consistent numerical approach is used for all the cases in the present study.
Mixed-Lubrication of a Few Machined Surfaces
Different machining processes generate different textures and topographic features. Eight engineered surfaces, two polished with different roughness, two honed with nearly the same roughness but different topography and orientation, one ground, one turned, one shaved, and one dimpled, are analyzed first by the model system presented in the previous section. These eight surfaces represent a good variety of engineering surfaces used in industrial applications. Operating conditions are consistent for all cases. The applied load is fixed at W = 1600 N. The rolling speed and the slide-to-roll ratio are U = 7.5 m / s and S = 0.25, respectively. Such conditions yield a Hertzian contact radius of a = 0.5953 mm and a maximum Hertzian pressure of P h = 2.155 GPa. Because the hardness of the surfaces of many critical components may be as high as 6 -7 GPa, most likely sufficiently higher than the pressure peak values in the contact, it is proper to say that the deformation is mainly elastic and model used in the present study is applicable. Figure 3 summarizes the results in terms of composite surface roughness, film thickness, maximum pressure, maximum subsurface shear stress, contact load ratio ͑contact ratio͒, coefficient of friction, and flash temperature increase, while Figs. 4 and 5 present snapshots of results for the pressure, film thickness, and stress for two honed surfaces as examples, where the light color in the film thickness contour maps indicates the film thickness less than 0.000,02 times the Hertzian radius. Here, the friction coefficient is determined from the combined effects of viscous shear and asperity contact. The asperity contact friction coefficient for steel-steel interfaces in the presence of a mineral lubricant is estimated to be about 0.1 ͓22,23͔.
The comparison in Fig. 3 suggests that, of the surfaces studied, the turned surface may experience the highest maximum flash temperature, the shaved surface may work at the maximum subsurface stress, and the ground surface may provide the highest friction in mixed lubrication. Note that both the turned and ground surfaces have strong orientation preferences. The high flash temperature for the turned surface case is likely due to the fact that the longitudinally oriented asperities favor heat accumulation along the direction of motion. The high friction in the ground surface case may be related to the bumper effect of the transversely oriented asperities. The honed Nos. 1 and 2 surface pairs have nearly the same composite rms roughness values ͑roughness of individual surfaces may be different͒; however, the lubrication results shown in Fig. 3 and detailed in Figs. 4 and 5 are quite different, obviously due to the difference in microtopography and Transactions of the ASME surface orientation. The comparison in Fig. 3 suggests that the performance of these engineered surfaces strongly depends upon the surface topography and textures. It does not simply depend on surface rms roughness parameter alone. The microgeometry generated by the surface finish methods, as well as the roughness orientation relative to the direction of motion, must be considered. However, machined surfaces are complicated in microgeometry, making result correlation difficult. Analyzing surfaces patterned with controlled features may lead to a better understanding of the effect of surface microgeometry on mixed lubrication.
Mixed-Lubrication of Virtually Textured Surfaces and a Few Important Factors
The concept of virtual texturing is demonstrated in the following example cases, where the model presented in Sec. 2 is applied to dimpled surfaces in order to investigate the effect of dimple size, density, and depth on their performance in a typical counterformal contact. An elliptic dimple may be defined with its principal radii: A and B, center span, S, and depth, d, as A ϫ B ϫ S ϫ d. A dimple size factor may be defined in terms of the ratio of the dimpled area to the total Hertzian contact area, or other nominal areas, and named as S d/H . Dimples of the same elliptical shape were numerically generated, with the ratio of elliptic radii of A / B =1/4, to evaluate the importance of these basic factors. Figure 6 shows a sample matrix of such numerical dimples for the analyses, which has A ϫ B ϫ S ϫ d =60ϫ 240ϫ 240ϫ 3 and a density of 11.22%. Two basic dimple sizes for A ϫ B are used in the study: 60ϫ 240 for large dimples and 20ϫ 80 for small ones. The bottom shapes of the numerical dimples are all elliptical.
Similar to the cases in the previous sections, a rolling-sliding circular contact of ball-on-flat is simulated. The radius of the ball is R x = R y = 19.005 mm. Both surfaces are steel with EЈ = 219.8 GPa. The lubricant properties are: 0 = 0.011,19 Pa s and ␣ = 14.94 GPa −1 . One of the surfaces is numerically "dimpled." Two groups of operating conditions are applied: ͑1͒ the low-speed high-load condition for a rolling speed of U = 7.5 m / s and a slideto-roll ratio of S = 0.25 under an applied load of w = 1600 N, which corresponds to a Hertzian contact radius of a = 0.5953 mm and a maximum Hertzian pressure of P h = 2.155 GPa; and ͑2͒ the high- speed low-load condition for a rolling speed of U =15 m/s and a slide-to-roll ratio of S = 0.25 under a reduced load of w = 100 N, which yields a Hertzian contact radius of a = 0.236,26 mm and a maximum Hertzian pressure of P h = 0.8554 GPa. The high-speed low-load condition was used for both large and small dimple sizes, but the low-speed high-load condition was only applied to the large dimples. Again, the model listed in Sec. 2 is applicable because the hardness for many structural steels after heat treatment is higher than the pressure peak values encountered in this part of the study. The central film thickness, which is normalized by the Hertzian radius, and the contact ratio as a function of dimple size, depth, and density are given in Figs. 7-9 .
First of all, contact occurs in all low-speed high-load cases. The pressure peaks is about 1.1 times the Hertzian pressure and can be correlated with the dimple-free area with or without contact, depending on the severity of interaction influenced by the dimple design. Because of the relative motion of the surfaces, film thickness is a function of time even though the operating conditions are constant. The change of the composite roughness, measured as the root-mean-square of the surfaces deviated from its deformed centerline, follows the pattern of the film thickness variation. Contact occurs along the banks of dimples. However, the total contact area does not vary with time because the number of dimples passing through the contact region in a unit time is quite constant if the dimples are not too large. Each dimple has a certain influence area, related to operating conditions and the geometry of the dimple, which can be seen from Fig. 10. 
Effect of Size.
The effect of dimple size is numerically investigated at a constant dimple density ͑11.22%͒ and a fixed dimple depth ͑3 m͒. The relationship between the dimple size and the central film thickness is not linear, as shown in Fig. 7 for both condition groups. In Figs. 7͑a͒ and 7͑c͒ , a minimum and a maximum are observed. At very small sizes, film thickness reduces with the increase of dimple size. The trend turns when the dimple size is further increased. Both the intensity of interruption by a single dimple, or the influence area, and the number of interruptions by a group of dimples should be discussed. The dimple influence area increases with dimple size, as shown in Fig. 10͑a͒ = 162.5͒ under the low-speed high-load condition. With the same density, reducing dimple size yields more dimples and more banks of contact until the size becomes significantly small so that the number of interruptions of lubrication is saturated. On the other hand, dimples with a very large size can make the intensity of interruption by a single dimple dominate; and as a result, the film thickness should drop accordingly. The comparison in Fig. 10͑a͒ indicates that the film is thicker and still continuous in the Hertzian zone for the surface with larger dimples because there are only a few interruptions. Together with the film pattern shown in Fig. 6 , one can easily see the lubrication transition from a highly hydrodynamic state of the case with several large size dimples to a mixed state for the case with many small size dimples. However, The film thickness in Fig. 7͑b͒ does not show such a maximum and minimum because the dimple size approaches and oversizes the Hertzian contact area when the size is increased.
Effect of Depth.
The effect of dimple depth is numerically investigated at a constant dimple density ͑11.22%͒ and a fixed dimple size ͑60ϫ 240ϫ 240͒. Figure 8 reveals a minimum film thickness in all speed-size combinations. In this part of the study, the number of interruptions is kept the same while the intensity of single-dimple interruptions is significantly varied through the depth change. Generally speaking, deeper dents may yield more severe hydrodynamic reduction. An increase in the dimple depth may enlarge the dimple-influence area. The rise of film thickness values at a larger depth is likely due to the mathematic average of gaps, to which the depth contribution is larger if the dimple is deeper. Figure 10͑b͒ compares the film patterns for two depths, d = 1 and 6 m ͑or 1000d / a = 1.68 and 10.08͒ for the low-speed high-load cases. Although their central film thickness values are similar, their film patterns are completely different. In all the three speed-size combinations shown in Fig. 8 , contact occurs at a threshold depth value, and the contact ratio increases with depth.
Effect of Density.
Similarly, the effect of the dimple density is numerically investigated for surfaces of the same dimple shape under different size-speed combinations and with a fixed dimple depth ͑3 m, or 1000͑d / a͒ = 5.04͒. The results are shown in Fig. 9 . For the low-speed high-load large-dimple and the highspeed low-load, large-dimple cases, a minimum and a maximum of film thickness values are observed. Changing the density while keeping the size the same varies the number of interruptions. The density effect is also related to the dimple size with respect to the Hertzian area. When there are many dimples in the Hertzian zone, as in the low-speed high-load case with large dimples ͑Fig. 9͑a͒͒ and the high-speed low-load case with small dimples ͑Fig. 9͑c͒͒, the more the dimple, the more the interruption, and the more serious the overall contact. Figure 10͑c͒ further compares the film pattern for two densities, 36% and 5.1%. Although their central film thickness values are about the same, the contribution to the film thickness of the former is mainly from the dimples, while that to the film of the latter is due to hydrodynamics on dimple banks. When only several dimples are allowed in the Hertzian zone ͑Fig. 8͑b͒͒, where the Hertzian area is only about 3.6 time the dimple size͒, a certain dimple density may cause an extremely adverse contact to occur because of the lack of dimple reservoirs and the shortage of the bank area for load supporting. However, for this high-speed low load case with dimples of A ϫ B =60ϫ 240 m 2 , there seems to be a range of optimal density of about 3-12%, where a 5% dimple density looks to be the best choice. This result agrees with some experimental observations on density selections ͓12,15͔.
The analyses in this section have presented a few preliminary correlations between design factors, such as dimple size, depth, and density, and the mixed lubrication performance of the numerically dimpled surfaces and developed links among design, operating conditions, and interface status. The influence of dimples on counterformal contact lubrication may be quantified by the dimple influence area, which is for the intensity of interruptions, and the number of interruptions, which is related to dimple density. The results suggest that an optimal dimple texture design for effective lubrication in counterformal contacts should avoid overlapping the individual dimple influence areas.
Conclusions
A model-based numerical tool capable of conducting contact and mixed lubrication analyses promotes a technology of creating and evaluating surface textures through computation simulations. The concept of the virtual texturing technology, models involved, and its application in analyzing textured surfaces in a typical counterformal contact are discussed. A group of machined surfaces was analyzed, and the result comparison suggests that their performances do not simply depend on rms surface roughness. Surface topography and textures play a significant role. The microgeometry and feature distribution must be taken into account.
The correlation of surface microgeometry with mixed lubrication was started from simple surfaces patterned with numerically dimpled features where topography was precisely quantified. Two sets of operating conditions were used and two basic dimple sizes were analyzed. Results are given through a few correlations between design factors and film thickness. In the low-speed highload cases analyzed, contact is found along the banks of dimples. When there are only a few dimples in the Hertzian zone, the lubrication performance of the dimpled surface is very sensitive to the dimple density variation. For the high-speed low load cases with dimples of A ϫ B =60ϫ 240 m 2 , there seems to be a range of optimal density of about 3-12%, where a 5% dimple density looks to be the best choice. The dimple influence area, which indicates the intensity of the interruption and is a function of dimple geometry and operating conditions, and the number of interruptions, which is related to dimple density, are two key factors for designing dimpled surfaces for counterformal contact lubrication. The results suggest that an optimal dimple texture design for effective lubrication in such contacts should avoid overlapping individual dimple influence areas.
